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Abstract 
The fabrication of GdBa2Cu3Oy (GdBCO) superconducting films by liquid-phase-assisted metal-organic deposition (LPA-MOD) 
was investigated as a new technique for the growth of thicker MOD films using fluorine-free solutions. A 300 nm thick GdBCO 
film with a strong c-axis orientation was successfully grown on a MOD-GdBCO seed layer using Gd-Ba-Cu-O solution layers. A 
600 nm thick LPA-MOD GdBCO film had a critical current density (Jc) of 1.28 MA/cm2, which is higher than that of the MOD 
GdBCO seed layer alone. 
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1. Introduction 
REBa2Cu3Oy (REBCO; RE = rare earth elements) high-Tc superconducting thin films with high critical current 
(Ic) performance are essential for components used in the industrial field such as high-current-carrying high-Tc 
superconducting cables and high-magnetic generation coils [1]. Increasing the critical current density (Jc) and the 
thickness of REBCO films is effective for achieving high Ic performance. REBCO films with Jc over 1 MA/cm2 have 
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been realized using various fabrication techniques, such as pulsed-laser deposition (PLD) or metal-organic 
deposition (MOD) [2,3]. However, the Jc values of REBCO films have a tendency to degrade with increased film 
thickness [4-6]. One reason for the degradation of Jc is the formation of a-axis-oriented grains and/or impurity 
phases such as CuO [6]. Severe degradation of Jc was observed for REBCO films fabricated by the fluorine-free 
MOD (FF-MOD) method, although this method has advantages in that it is simple, low-cost, and environmental-
friendly due to the use of fluorine-free coating solutions [5]. Therefore, the conventional FF-MOD process is not 
suitable for the growth of REBCO thick films. On the other hand, REBCO films with a thickness of over 5 μm have 
been successfully grown by a liquid-phase epitaxy (LPE) method with a high growth rate of 1 μm/min [7,8].  
 In the present study, we have attempted to prepare GdBCO films using a novel liquid-phase-assisted MOD 
(LPA-MOD) method that combines MOD and LPE for the growth of REBCO thick films. 
2. Experimental 
 Fig. 1 illustrates the LPA-MOD process for the fabrication of GdBCO films. A GdBCO seed layer with an 
average thickness of 300 nm is grown on a LaAlO3(100) (LAO) substrate by FF-MOD using Gd-, Ba- and Cu-2-
ethylhexanate (2-EH) solutions (Nihon Kagaku Sangyo Co., Ltd.) (Fig. 1(a)). The conditions for growth of the FF-
MOD GdBCO seed layer have been published elsewhere [9]. The solution layer was subsequently prepared on the 
seed layer by calcining a coating of the mixed 2-EH solutions to achieve a molar ratio of GdBCO:Ba3Cu5Ox (BCO) 
= 1:9 (Fig. 1(b)). Ba3Cu5Ox is well known as a solvent for the LPE growth of REBCO [7]. The resultant double-
layered (DL) film composed of the seed and solution layers was heated in a tube furnace under a N2 atmosphere to 
temperatures (Tg; 840, 850, and 860 °C) for the growth of GdBCO on the seed layer from the melted solution layer, 
and then cooled in the tube furnace (Fig. 1(c)). Finally, the grown films were annealed at 350 °C for 2 h in O2. The 
phases in the film were identified using X-ray diffractometry (XRD) with Cu Kα radiation. The electrical resistivity 
of the samples was measured using the standard four-probe technique to determine Tc. Jc values for the samples 
under different magnetic fields were calculated from B-M curves measured with a superconducting quantum 
interference device using Bean’s critical state model [10]. The surface of the samples was characterized from field 
emission scanning electron microscopy (FE-SEM) observations. The composition of the samples was determined 
from energy-dispersive X-ray spectroscopy (EDX) measurements. 
 
 
 
 
 
 
 
 
 
 
 
 
3. Results and discussion 
The melting behavior of the MOD-BCO films was investigated to determine the suitable growth temperatures 
(Tg) for GdBCO films by the LPA-MOD process. Fig. 2 shows SEM surface images of the MOD-BCO films on 
LAO after heat-treatment. Plate-like crystal grains of BCO were observed for the film heat-treated at 840 °C. BCO 
droplets were observed on the substrates of those films heat-treated at 850 and 860 °C, as shown in Figs. 2(b) and 
2(c), respectively. These results suggest that the melting of BCO films occurred around 840 °C, and Tg ≥ 840 °C is 
suitable for the liquid-phase growth of GdBCO by the LPA-MOD process. The relatively low melting point of 
840 °C, which is lower than the eutectic temperature of Ba-Cu-O compounds (926 °C) [11], is possibly attributed to 
growth at low partial oxygen pressure during the LPA-MOD process. 
  
Fig. 1. Schematic illustration of the LPA-MOD method. (a) The GdBCO seed layer is fabricated on the LAO substrate; (b) The solution layer 
is coated on the seed layer; (c) GdBCO is grown on the seed layer from the melted solution layer. 
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Fig. 2. SEM surface images of MOD-BCO films on LAO after heat-treatment at (a) 840, (b) 850,  and (c) 860 °C. 
 
Figs. 3(a) and 3(b) show XRD patterns for the DL film heat-treated at Tg = 840 °C (LPA-MOD film) and the 
GdBCO seed layer without oxygen annealing, respectively. Both of the films showed strong c-axis orientation. The 
XRD intensity of the (006) peak for the GdBCO phase in the LPA-MOD film was increased up to 2 times compared 
to that for the seed layer, which indicates that a GdBCO film thicker than the seed layer was grown. The relatively 
weak intensity of the (00l) (l=1 to 5) peaks with respect to the (006) peak for the LPA-MOD film (Fig. 3(a)) is 
probably due to the absorption of X-rays by Ba-Cu-O residues on the film surface (as shown later in Fig. 4(b)). The 
GdBCO (00l) peak shifts to higher angles for the LPA-MOD film are due to a decrease in the c-axis length by 
oxygen annealing. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. XRD patterns for the (a) LPA-MOD GdBCO film at Tg = 840 °C and (b) GdBCO seed layer. 
 
Fig. 4 shows cross-sectional FE-SEM images of the DL film before and after heat treatment at Tg = 840 °C. Fig. 
4(a) shows the porous solution layer with a thickness of 3-4 μm on the dense MOD-GdBCO seed layer.  
After the growth procedure, a dense GdBCO layer with an average thickness of 600 nm was observed on the 
substrate (Fig. 4(b)). In addition, solution residues of droplet-like Ba-Cu-O oxides containing Gd were observed on 
the grown GdBCO layer. These results suggest that a 300 nm thick GdBCO layer grew on the seed layer from the 
liquid sotion layer, and residual solution was left on the film surface.   
Fig. 4. Cross-sectional FE-SEM images of the DL film (a) before and (b) after heat-treatment at Tg = 840 °C. 
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In our previously reported MOD process used for the fabrication of the seed layer, firing for at least 30 min was 
necessary to crystallize a 300 nm thick GdBCO film from amorphous precursors [9]. Therefore, the LPA-MOD 
process has the advantage of a higher growth rate than that with the conventional MOD process. 
Fig. 5 shows the magnetic field dependence of Jc for the oxygen-annealed GdBCO seed layer and 600 nm thick 
LPA-MOD GdBCO film measured at 77 K. Tc for the LPA-MOD GdBCO film was 91.6 K. Jc at the self-magnetic 
field of the grown GdBCO film was 1.28 MA/cm2, which is higher than that of the oxygen-annealed seed layer (1.05 
MA/cm2). The result indicates that the LPA-MOD GdBCO film maintains Jc at the self-magnetic field up to the 
thickness of 600 nm. Furthermore, the Jc value of the LPA-MOD GdBCO film is comparable to that for YBCO 
films grown by LPE [7,12] and PLD SmBa2Cu3Oy films prepared using liquid phases [13].  
 
 
 
 
 
 
 
 
 
 
Fig. 5. Magnetic field dependence of Jc measured at 77 K for the oxygen-annealed GdBCO seed layer and 600 nm thick LPA-MOD GdBCO film. 
4. Conclusion 
We have studied the fabrication of GdBCO films by the LPA-MOD technique to develop the novel MOD 
process with higher growth rates. The 10 mol%-GdBCO-added BCO solution was coated as a solution layer for the 
liquid-phase growth of GdBCO. The 300nm thick GdBCO film grown on the 300nm thick MOD-GdBCO seed layer 
shows the strong c-axis orientation. LPA-MOD GdBCO film with a total thickness of 600nm revealed the Jc of 1.28 
MA/cm2, which is higher than that of the MOD GdBCO seed layer alone. 
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